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vide	 long	and	 strong	 fibres	containing	high	amounts	of	 crystalline	
cellulose.	 These	 fibres	 are	 not	 only	 used	 in	 the	 textile	 sector,	 but	
are	 also	 appreciated	by	 the	 biocomposite	 industry	 as	 eco-friendly	
alternatives	to	man-made	fibres.
Flax,	 hemp,	 ramie	 and	 nettle	 produce	 bast	 fibres	with	 gelati-
nous	 cell	walls	 characterized	by	 a	 high	 content	of	 crystalline	 cel-
lulose	 (>70%)	 and	 hypolignified	 (lignin	 content	 between	 2%–7%)	






Nettle	 is	 a	 perennial	 herbaceous	 plant	 growing	 in	 temperate	
regions	and	producing	 long	bast	fibres	between	43–58	mm	(Bacci,	






underground	 system	 of	 roots	 and	 rhizomes.	 This	 fibre	 crop	 has	 a	
multitude	of	applications	in	the	medicinal,	textile	and	biocomposite	














The	availability	of	an	annotated	transcriptome	 is	 important	 for	
plant	molecular	 studies	 and	 for	 addressing	 fundamental	questions	
related	to	the	function	of	specific	genes.
We	here	provide	 for	 the	 first	 time	a	draft	 transcriptome	of	 the	
nettle	 “clone	 13”	 selected	 by	 Bredemann	 for	 fibre	 yield	 between	






dle	 and	 bottom	 which	 reflect	 progressive	 maturation	 stages	 of	
extraxylary	 fibres	 and	 vascular	 tissues)	 and	 gives	 a	 special	 em-
phasis	to	cell	wall-related	processes.	The	results	are	discussed	in	
relation	 to	 the	 current	 knowledge	 concerning	 bast	 fibre	 devel-













replicates	 were	 used,	 each	 consisting	 of	 seven	 nettle	 plants	 se-





in	 gene	 expression,	 caused	 by	 the	 differences	 in	 developmental	
stages	of	the	tissues	(Guerriero,	Behr,	Legay,	et	al.,	2017).	The	TOP	
and	MID	 internodes	were	 taken	 as	 a	whole,	 following	 a	 sampling	
strategy	previously	published	for	flax	(Gorshkov,	Behr,	Legay,	et	al.,	
2017).	 The	 BOT	 sample	 was	 peeled	 to	 separate	 the	 cortex	 from	
the	 core.	 The	 total	 sample	 numbers	was	 therefore	 12	 (three	 bio-
logical	replicates	for	the	TOP,	three	for	the	MID,	three	for	the	BOT	
core	and	three	for	the	BOT	peels).	In	order	to	generate	the	de	novo	
transcriptome,	 the	 reads	obtained	 for	 the	 internodes	of	 the	 three	











Sample	 preparation	 for	 confocal	 microscopy	 analysis	 with	 the	
different	antibodies	(PlantProbes)	was	carried	out	as	previously	de-
scribed	(Behr	et	al.,	2016).
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2.2 | Immunogold electron microscopy
The	 different	 internodes	were	 sampled	 and	 immediately	 fixed	 for	
2	hr	at	room	temperature	and	overnight	at	4°C	in	a	mixture	of	2%	
glutaraldehyde	 and	 1.6%	 paraformaldehyde	 in	 0.1	 M	 phosphate	
buffer	pH	6.9.	Samples	were	washed	with	phosphate	buffer	 twice	
for	10	min,	then	dehydrated	in	a	graded	series	of	ethanol.	Samples	








for	 unsubstituted/low	 substituted	 xylans	 (PlantProbes,	www.plant	
probes.net)	 diluted	 1:5	 in	 the	 same	buffer.	 Sections	were	washed	
for	20	min	in	the	dilution	buffer	+	0.1%	Tween20	and	incubated	for	
45	min	 at	 room	 temperature	with	10	nm	gold	 particle-conjugated	
anti-rat	secondary	antibody	diluted	1:20	in	0.02	M	Tris-HCl	pH	8.2.	















finally	one	 time	with	methanol.	The	 residues	were	dried	using	 ro-
tary	evaporation	and	subsequently	resuspended	in	1.5	ml	of	acetate	
buffer	 (0.1	M,	pH	5)	 in	a	 thermomixer	at	1,000	 rpm	and	80°C	 for	
20	min.	After	 cooling	 to	37°C,	 10	U	α-amylase	 (porcine	pancreas,	
Sigma)	 and	 8	 U	 amyloglucosidase	 (Aspergilus niger,	 Sigma)	 were	
added	to	destarch	the	residues	at	37°C	overnight.	Cell	wall	materials	
were	then	precipitated	by	four	volumes	of	cold	ethanol	at	−20°C	for	



















HPIC™	 System	 with	 a	 pulsed	 electrochemical	 detector	 (Thermo	
Scientific™	Dionex™).	The	separation	of	each	monosaccharide	was	
performed	 with	 a	 CarboPac	 PA20	 analytic	 column	 (3	 ×	 150	mm,	
Thermo	 Scientific™	 Dionex™)	 and	 a	 CarboPac	 SA10	 analytic	 col-
umn	(2	×	250	mm,	Thermo	Scientific™	Dionex™).	The	eluents	were	
300	mM	NaOH,	1	mM	NaOH	and	deionized	water.	 For	 the	PA20	







System	 (CDS)	Software	 (Thermo	Scientific™).	The	 sugars	detected	
were	fucose	(Fuc),	rhamnose	(Rha),	arabinose	(Ara),	galactose	(Gal),	
glucose	(Glc),	xylose	(Xyl)	and	mannose	(Man).	The	amount	of	each	














for	 3	min	 to	 remove	 free	 oxygen	 generated	 by	 the	 reaction.	 The	




method	 was	 adapted	 from	 a	 method	 reported	 previously	 (Berni,	
Romi,	 et	 al.,	 2018).	 The	 analysis	 was	 carried	 out	 with	 an	 RP-C18	
column	(SUPELCO;	Kromasil	100A-5u-C18	4.6	mm	×	250	mm),	at	a	
flow	rate	1	ml/min	and	the	absorbance	set	at	280	nm,	in	a	run	time	
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liquid	 nitrogen.	 Total	 RNA	was	 extracted	 using	 the	 RNeasy	 Plant	
Mini	Kit	(Qiagen)	following	the	manufacturer's	instructions	(with	the	
on-column	DNase	 digestion),	 as	 described	 in	Guerriero,	Mangeot-




2.7 | Preparation of the libraries, processing of the 





















with	300	cycles,	15	bps	were	 removed	at	 the	5′	 and	80	at	 the	3′	
(final	 average	 length	 205	 bps).	 Additionally,	 the	 sequences	with	 a	
length	<35	bps	 (for	 the	 libraries	 run	using	the	kit	with	150	cycles)	
and	<65	bps	(for	those	sequenced	with	600	cycles)	were	removed.
The	 parameters	 used	 for	 the	 de	 novo	 transcriptome	 assembly	
were:	wording	 size	was	 set	 to	20,	 the	bubble	 size	 to	50	 and	min-
imum	 contig	 length	 of	 300.	 The	 reads	 were	mapped	 back	 to	 the	
assembly	with	a	mismatch,	insertion	and	deletion	cost	of	3	(stringent	
criteria),	and	a	 length	and	similarity	fraction	of	0.95.	The	assembly	


























rotranscribed	 into	 cDNA	using	 the	ProtoScript	 II	RTase	 (NEB)	 and	
random	primers,	according	to	the	manufacturer's	instructions	and	as	
described	in.	The	cDNA	was	diluted	to	2	ng/μl and 2 μl	were	used	for	
the	RT-qPCR	analysis	in	384-wells	microplates	(final	volume:	10	μl).	
An	 automated	 liquid	handling	 robot	 (epMotion	5073)	was	used	 to	
prepare	 the	microplates.	 The	 expression	 of	 each	 target	 gene	was	




PLUS	 (Hellemans,	 Mortier,	 De	 Paepe,	 Speleman,	 &	 Vandesompele,	
2007)	with	the	above-mentioned	2	reference	genes.
2.9 | Bioinformatics
Putative	 TFs	 in	 the	 de	 novo	 assembly	 were	 annotated	 with	
PlantTFcat	(	http://plant	grn.noble.org/Plant	TFcat/	)	and	iTAK	(Zheng	
et	al.,	2016),	which	gave	a	total	of	TFs,	respectively	(Data	S1	File).
The	Gene	Ontology	 term	 Enrichment	 analysis	 (GOE)	was	 per-
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3  | RESULTS AND DISCUSSION
3.1 | Yield of cell wall fractions
Cell	wall	materials	of	the	different	regions	of	nettle	stem,	namely	
TOP,	MID	 (middle),	 CBOT	 (core	 tissue	 at	 the	 bottom)	 and	 FBOT	
(cortical	 tissues	 at	 the	 bottom),	 were	 isolated	 and	 subjected	 to	
a	 series	 of	 chemical	 extractions.	 The	 sequential	 extraction	used	
aimed	 at	 extracting	 pectin	 polysaccharides	 with	 hot	 water	 and	
EDTA	and	then	hemicelluloses	with	1	M	and	4	M	KOH.	To	compare	
the	yield	of	each	fraction	among	different	samples	and	eliminate	
the	 effect	 of	 the	 possible	 incomplete	 dialysis,	 the	 yield	 of	 each	
fraction	was	expressed	as	a	percentage	of	the	total	weight	of	four	
fractions	(Figure	1a).
Hot	 water	 extracted	 a	 significantly	 higher	 amount	 of	 pectin	
polysaccharides	 from	MID	 (27.2%	±	2.2%)	 as	 compared	 to	CBOT	
(19.1%	±	4.9%)	and	FBOT	(20.5%	±	2.0%;	p < 0.05).	In	contrast,	the	
yield	of	 the	EDTA	 fraction	was	 significantly	higher	 in	FBOT	 than	
in	TOP,	MID	and	CBOT	 (p < 0.01)	and,	most	notably,	44%	higher	
relative	 to	MID	 (Figure	 1a).	 It	 is	 known	 that	 hot	 water	 can	 only	
partially	 solubilize	 some	 of	 the	 pectic	 substances	 of	 the	 primary	
cell	walls	and	middle	lamella,	whereas	EDTA	is	able	to	extract	the	
pectic	substances	that	are	complexed	with	Ca2+,	namely	Ca2+-pec-
tate	 gels	 (Selvendran	&	O'Neill,	 1987).	 Taken	 together,	 these	 re-
sults	 show	 that	 more	 water-soluble	 pectins	 were	 present	 in	 the	
MID,	 where	 bast	 fibres	 are	 elongating,	 while	 more	 Ca2+-pectate	
gels	were	present	 in	the	FBOT,	where	the	elongation	of	the	fibre	
cells	is	completed.










fibres	to	facilitate	the	 intrusive	tip	growth	of	bast	fibres.	This	 is	 in	
agreement	 with	 previous	 studies,	 which	 demonstrated	 that	 more	
soluble	pectins	confer	a	positive	effect	on	the	fibre	length	of	hybrid	






In	 addition,	 there	was	 no	 significant	 difference	 in	 the	 yield	 of	
both	KOH	fractions	among	samples,	although	the	1	M	KOH	fraction	
of	CBOT	showed	a	considerable	 increase	compared	 to	 that	of	 the	
other	samples,	possibly	due	to	the	high	xylan	content	(Figure	1a).
3.2 | Chemical composition of the cell wall
To	further	investigate	the	chemical	composition	of	the	cell	wall,	the	




ence	 of	 rhamnogalacturonan	 (RG)	 polymers.	 FBOT	 shows	 signifi-
cantly	lower	amounts	of	Rha	and	Ara	than	TOP	and	MID,	whereas	
it	 displays	 significantly	higher	 amounts	of	Gal	 than	TOP,	MID	and	






Monties,	&	Chabbert,	 2005).	 In	 this	 same	 study,	 the	 authors	 sug-








mature	hemp	 fibres	 (basal	 regions,	12.3%	at	 “full”	 flowering	 stage	






sition	 to	 the	 hot	water	 fraction,	 in	which	 the	 predominant	 sugars	
are	Ara	and	Gal	 (Figure	1c).	Although	Ara	and	Gal	are	the	primary	
side	chain	sugars	of	RG,	we	cannot	rule	out	the	possibility	that	they	
may	 partially	 derive	 from	 arabinogalactan	 proteins	 (AGPs).	 This	 is	
because	AGPs	were	demonstrated	 to	be	ubiquitous	cell	wall	com-
ponents	and	to	play	an	important	role	in	the	regulation	of	fibre	de-
velopment	 in	cotton	 (Huang	et	al.,	2013),	 flax	 (Roach	&	Deyholos,	
2007,	 2008),	 hemp	 (Guerriero,	 Mangeot-Peter,	 et	 al.,	 2017)	 and	
poplar	(Wang	et	al.,	2015).	Moreover,	it	was	also	shown	that	AGPs	






saccharides	 are	 evident	 between	 CBOT	 and	 FBOT,	 while	 each	









than	xyloglucan.	 In	 contrast,	 xyloglucan	 could	be	 the	major	hemi-
cellulosic	polysaccharides	 in	 the	FBOT	due	 to	 the	high	 amount	of	






phenotype	 to	 the	absence	of	 xylan	 in	 the	S1-layer	enveloping	 the	











implying	 the	 presence	 of	 xyloglucan	 in	 the	 4	M	 KOH	 fraction	 of	
CBOT.
Although	 the	 remaining	 cell	 wall	 residue	 after	 sequential	 ex-
traction	was	expected	to	contain	mainly	cellulose,	the	analysis	of	its	
monosaccharide	composition	shows	the	presence	of	non-cellulosic	
polysaccharides	 (Figure	 1f).	 These	 non-cellulosic	 polysaccharides	
could	be	 tightly	bound	 to	cellulose,	 therefore	 they	cannot	be	eas-
ily	 extracted	 by	 the	 sequential	 chemical	 treatment.	 Strikingly,	 the	
results	show	a	remarkable	high	amount	of	Xyl	in	CBOT	and	of	Gal	in	
FBOT,	 representing	48.9%	and	56.1%	of	 total	 sugars,	 respectively	
(Figure	1f).	The	former	result	could	be	due	to	the	high	xylan	content	
     |  7XU et al.
in	the	CBOT,	as	suggested	by	the	data	of	both	KOH	fractions.	The	
latter	finding	suggests	that	galactan-containing	polymers	could	play	
a	prominent	 role	 in	 secondary	 cell	wall	 (SCW)	 formation	of	nettle	
fibres,	 as	 previously	 suggested	 for	 flax	 (Gorshkova	 et	 al.,	 2004;	
Goubet	et	al.,	1995)	and	hemp	(Crônier	et	al.,	2005).
3.3 | Draft transcriptome of stinging nettle and 
RNA‐Seq analysis
The	 first	 step	 to	 carry	 out	 a	 high-throughput	 gene	 expression	
analysis	in	the	stem	internodes	was	to	obtain	a	first	draft	transcrip-
tome.	The	de	novo	transcriptome	of	 the	nettle	 fibre	clone,	known	






types	 would	 increase	 the	 accuracy	 of	 the	 de	 novo	 assembly,	 by	
providing	 reads	 for	 genes	 expressed	 at	 low	 levels	 in	 stem	 tissues.	













of	 specific	 families	 known	 to	 play	 a	 role	 in	 cell	 wall	 biosynthesis	















processes	 related	 to	 monocarboxylic	 acid	 metabolism	 and	 organ	
development	(Table	1).
The	 hierarchical	 clustering	 of	 RNA-Seq	 data	 performed	 with	




C2,	 of	 302	 contigs.	 Their	 expression	 profiles	 show	 a	 peak	 in	 the	
bottom	tissues	containing	the	bast	fibres	(FBOT).	Clusters	C3	(123	
contigs)	and	C4	 (509	contigs)	 show	highest	expression	 in	 the	core	





In	order	 to	shed	 light	on	 the	major	gene	ontologies	associated	
with	each	stem	region	and	tissue	type,	a	gene	ontology	enrichment	




statistically	significant	enrichment	of	GO	terms	 (p < 0.05).	We	will	
hereafter	analyse	the	major	processes	associated	with	each	nettle	
F I G U R E  2  Principal	Component	Analysis	(PCA)	of	the	different	
stem	regions	sampled
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internode/stem	 tissue	 at	 the	 different	 heights.	We	will	 follow	 the	
cluster	numberings	(from	C1	to	C6)	for	the	presentation	and	discus-
sion	of	the	results.
3.4 | GOE analysis of the cortical tissues 
at the bottom
For	 C1,	 the	 GOE	 analysis	 revealed	 enrichment	 in	 genes	 partak-
ing	in	the	response	to	sugars	(hexoses)	and	in	the	aspartate	fam-
ily	 amino	 acid	metabolic	 process	 (Data	 S1).	 These	 are	asparagine 
synthetase 1 (ASN1	corresponding	to	three	different	contigs,	each	
showing	>	4.5	fold	increase	when	comparing	FBOT	vs.	TOP	and	>3	
fold	 for	 FBOT	 vs.	MID),	DORMANCY‐ASSOCIATED PROTEIN‐LIKE 
1 (DYL1,	FBOT	vs.	TOP	>	8.5,	FBOT	vs.	MID	>	6)	and	extra‐large 
guanine nucleotide‐binding protein 1 (XLG1,	FBOT	vs.	TOP	>	7,	FBOT	
vs.	MID	>	3).
ASN1	 is	 an	 important	enzyme	 in	plant	primary	metabolism,	 as	
it	regulates	N	levels	(Hwang,	An,	&	Hwang,	2011).	The	model	plant	
thale	 cress	has	 three	genes	encoding	ASN;	more	 specifically,	 only	
ASN1	is	responsive	to	the	endogenous	sucrose	levels	(Lam,	Hsieh,	&	
Coruzzi,	1998).	Sucrose	inhibits	the	expression	of	ASN1	via	a	cascade	
relying	on	 the	S1	 class	of	bZIP	TFs	 (Curtis,	Bo,	Tucker,	&	Halford,	
2018;	Hummel,	Rahmani,	Smeekens,	&	Hanson,	2009).	Notably,	 in	
our	 dataset,	 the	 bZIP9	 gene	 showed	 an	 increase	 >4-	 and	 >3-fold	




The	 expression	 pattern	 of	 other	 genes	 in	 this	 cluster	 corrob-
orates	 the	 hypothesis	 of	 a	C	 starvation	 syndrome	 in	 the	 cortical	
tissues	 sampled	 at	 the	bottom.	DYL1/DRM1	 is	 a	 sugar	 starvation	
marker	(Gonzali	et	al.,	2006;	Tarancón,	González-Grandío,	Oliveros,	
Nicolas,	&	Cubas,	2017)	 that	 is	overexpressed	when	the	endoge-
nous	 sugar	 levels	 are	 low.	 The	 higher	 expression	 of	 this	 gene	 in	
the	nettle	cortical	tissues	at	the	bottom	indicates	the	presence	of	
a	 C-starvation	 status,	 likely	 induced,	 as	 described	 in	more	 detail	
below,	by	 the	UDP-glucose	demand	necessary	 for	 the	 thickening	
phase	of	bast	fibres.
XLG	proteins	are	composed	of	three	members	in	thale	cress	and	
are	 ubiquitously	 expressed,	 with	 a	 preference	 in	 vascular	 tissues	
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(Ding,	Pandey,	&	Assmann,	2008):	Arabidopsis xlg	triple	mutants	dis-
played	increased	length	of	the	primary	root	when	grown	in	the	dark	
and	 also	 showed	 an	 altered	 sensitivity	 to	 sugars.	 It	was	 proposed	





as	 supported	 by	 the	 sucrose	 metabolism/transport-related	 tran-
scripts	 induced	 in	 the	same	tissues	 (see	below).	 It	 is	 interesting	 to	
mention	here	that	the	cotton	XLG1	gene	was	upregulated	at	6	days	





The	 second	 cluster,	 C2,	 characterized	 by	 genes	 peaking	 in	 ex-
pression	 at	 FBOT,	 is	 dominated	 by	 ontologies	 related	 to	 polysac-
charide	 localization	 and	 oligosaccharide	 biosynthesis,	 response	 to	
pathogens	and	salicylic	acid	(SA)	stimulus,	as	well	as	wax	metabolic	
process.	This	last	process	is	likely	due	to	the	“contamination”	caused	






ber	of	 the	sugars will eventually be exported	 transporters)	 is	known	
to	be	expressed	in	senescing	tissues	(Seo,	Park,	Kang,	Kim,	&	Park,	
2011).	SAG29	showed	among	the	highest	levels	of	expression	in	the	
cortical	 tissues	 sampled	at	 the	bottom	 (FBOT	vs.	TOP/MID	>	40):	
this	sucrose	transporter	mediates	sucrose	unloading	from	the	outer	




responses	 and	 acts	 by	 repressing	 the	 latter	 (Li,	 Brader,	 Kariola,	 &	




















In	 the	 process	 related	 to	 polysaccharide/callose	 localization	
there	are	the	sucrose	synthases	SUS5 and SUS6,	together	with	NSL1,	
a	 gene	 encoding	 a	 membrane-attack	 complex/perforin	 (MACPF)	
containing	protein.	While	the	role	of	the	sucrose	synthases	is	clear,	
i.e.,	 they	produce	UDP-glucose	 required	 for	 cellulose	biosynthesis	
during	 the	 thickening	phase	of	 the	bast	 fibres,	 the	 role	of	NSL1	 is	
more	 difficult	 to	 infer.	 In	 the	 literature,	 this	 protein	 represses	 the	




upregulation	 in	 the	 peels	 sampled	 at	 the	 bottom	 (FBOT	 vs.	 TOP/
MID	>	7).	TPPs	play	an	important	role	in	developmental	processes	






remobilization	of	sucrose	 to	bast	 fibres	 in	an	active	stage	of	SCW	
biosynthesis.	Bast	fibres	therefore	act	as	sink	tissues	requiring	pho-
tosynthates	(in	the	form	of	sucrose)	to	sustain	cellulose	biosynthesis.
3.5 | GOE analysis of the bottom core tissues
The	clusters	C3	and	C4	are	characterized	by	those	genes	showing	
higher	expression	in	the	core	tissues	at	the	bottom.	In	C3,	the	GOE	
analysis	 reveals	 ontologies	 related	 to	 aromatic	 amino	 acid	 family	
metabolic	process,	amino	acid	export	and	vascular	tissue	develop-
ment	(Data	S1).	The	upregulation	of	genes	involved	in	aromatic	amino	
acid	biosynthesis	 indicates	 the	supply	of	 intermediates	shunted	to	
the	phenylpropanoid	pathway,	 a	 key	 secondary	metabolic	 hub	 re-
sponsible	for	the	synthesis	of	the	lignin	building	blocks.	Among	such	
genes,	it	is	here	noteworthy	to	mention	EMB1144	(encoding	choris-
mate	 synthase)	 and	 EPSPS	 (5-enolpyruvylshikimate-3-phosphate	
synthase;	At2g45300)	(CBOT	vs.	FBOT	>	4.5	and	>4.3,	respectively;	
Data	 S1).	 The	products	of	 these	 genes	 are	 involved	 in	 chorismate	
formation,	a	central	metabolite	 in	the	synthesis	of	aromatic	amino	
acid,	as	well	as	secondary	metabolites	(Tzin	&	Galili,	2010).
In	 the	 phloem/xylem	 histogenesis	 ontogeny,	 the	 gene	 ACL5 
(ACAULIS5; At5g19530)	 is	 present,	 (corresponding	 to	 2	 contigs,	
contig	27116	with	FC	CBOT	vs.	FBOT	>	26	and	contig	17188	with	
FC	>	11;	Data	S1):	this	gene	codes	for	a	thermospermine	synthase	
(Knott,	 Römer,	 &	 Sumper,	 2007)	 and	 was	 shown	 to	 be	 involved	
















of	PA	 (polyamine)	oxidases	 (PAOs)	 to	understand	 the	dynamics	of	
synthesis	and	catabolism.
In	 C4,	 the	 significantly	 enriched	 ontologies	 are	mainly	 related	
to	SCW	biogenesis	consisting	of	cellulose,	xylan,	 lignin	and	pectin	
biosynthetic	 processes.	 This	 result	 is	most	 likely	 to	 be	 associated	
with	the	developing	xylem	tissue	 in	the	CBOT,	 in	which	the	depo-
sition	 of	 thick	 SCW	 occurs	 during	 the	 maturation	 of	 xylem	 cells	
and	 contributes	 to	 the	mechanical	 strength	 of	 nettle	 stem.	 In	 the	
“cellulose	 biosynthetic	 process”	 ontogeny,	 three	 genes	 encoding	
cellulose	synthase	(CesA)	are	present,	namely	CesA4/IRX5	(cellulose	
synthase	4/irregular	xylem	5;	contig	15236,	contig	9977	and	contig	
9978;	 Data	 S1),	CesA7/IRX3	 (contig	 22306)	 and	CesA8/IRX1 (con-
tig	27738).	The	products	of	 these	CesAs	were	 reported	 to	 form	a	
functional	trimer	that	is	essential	for	cellulose	synthesis	in	the	SCW	
of	 developing	 xylem	 vessels	 (Hill,	Hammudi,	&	 Tien,	 2014;	 Taylor,	
Howells,	Huttly,	Vickers,	&	Turner,	 2003;	Taylor,	 Laurie,	&	Turner,	













polymers	 in	 the	CBOT.	This	 result	 is	 in	agreement	with	our	obser-





S1),	 IRX14‐L	 (IRX14-Like,	 contig	 12654)	 and	 IRX10‐L/GUT1	 (glucu-
ronosyl	tranferase	1),	as	well	as	PGSIP1/GUX1	(plant	glycogenin-like	
starch	 initiation	 protein	 3/glucuronic	 acid	 substitution	 of	 xylan	 1,	




GT8	 involved	 in	 adding	 glucuronic	 acid	 residues	 onto	 xylan	 (Lee,	
Teng,	Zhong	and	Ye,	2012).
Glucuronoxylan	 methyltransferase	 (GXM)	 was	 reported	 to	 be	





In	 the	 xylan	 acetylation	 process,	 we	 identified	 genes	 encod-
ing	 two	 types	 of	 proteins	 with	 acetyl	 transferase	 activity:	 one	 is	
Trichome	Birefringence-Like	protein,	corresponding	to	TBL29/ESK1 
(ESKIMO1,	 contig	 22728),	 TBL31	 (contig	 10608),	 TBL33	 (contig	
26349,	 15401,	 28271	 and	 15400)	 and	 TBL34	 (contig	 33688);	 an-
other	 type	 is	Reduced	Wall	Acetylation	protein,	 i.e.,	RWA3	 (contig	








phenomenon	 could	 be	 associated	with	 the	 deposition	 of	 xylan	 in	
the	outermost	 layer	of	hemp	bast	 fibres,	as	was	evidenced	by	 the	
immunodetection	 of	 xylan	 (Behr	 et	 al.,	 2016).	 Together	 with	 the	
immunohistochemical	analyses	 (Figure	S1),	the	transcriptomic	data	




sion	 of	 genes	 encoding	 UGD2	 (UDP-glucose	 6-dehydrogenase	 2,	
contig	15115	and	13912)	and	UGD3	(contig	10987	and	891),	which	






The	 presence	 of	 lignin	 in	 the	 CBOT	 was	 also	 visualized/quanti-
fied	 by	 histochemical	 and	 chemical	 analyses	 (Backes	 et	 al.,	 2018).	
Interestingly,	 genes	 associated	 with	 “lignan	 biosynthetic	 process”	
are	highly	expressed	in	the	CBOT.	For	example,	DIR6	(dirigent	pro-
tein	6,	contig	24527)	displays	a	4-fold	increase	in	CBOT	as	compared	
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The	presence	of	a	regulatory	network	of	SCW	formation	is	fur-
ther	supported	by	the	high	expression	of	the	master	regulator	VND1 
(vascular-related	 NAC	 domain	 1,	 contig	 24094)	 (Zhou,	 Zhong,	 &	
Ye,	2014),	accompanied	by	the	second-layer	master	switch	MYB46 
(contig	28627)	(Zhong,	Richardson,	&	Ye,	2007)	and	its	downstream	




















The	 JA-related	 processes	 are	 linked	 with	 the	 response	 to	
wounding,	 an	 important	 aspect	when	 considering	 actively	 elon-
gating	 internodes.	 Bast	 fibres	 indeed	 show	 a	 typical	 intrusive/
invasive	mode	of	 growth	 (Ageeva	et	 al.,	 2005;	Gorshkova	 et	 al.,	




callose	 deposition	was	 observed	 in	 flax	 (Snegireva	 et	 al.,	 2010).	






both	 contigs	 and	TOP	vs.	CBOT	>	65	 for	 contig	24544	and	>35	
for	contig	26032).	Other	genes	intervening	in	JA	biosynthesis	are	
LOX1, LOX2 (At3g45140)	and	JMT (At1g19640)	and	appear	 in	C5.	
LOX1	 shows	 a	 FC	 TOP	 vs	 CBOT	 >	 6,	MID	 vs.	 CBOT	 >	 3,	 FBOT	
vs.	CBOT	>	5.	LOX2	is	represented	by	four	contigs	(contig_16075,	
contig_16077,	 contig_32893	 and	 contig_16844),	 with	 a	 FC	 TOP	
vs.	CBOT	>	10	for	all	of	the	LOX2	contigs.	JMT,	which	catalyses	the	
formation	of	methyl	 jasmonate,	 an	 important	 volatile	 compound	
signalling	 defence	 response	 (Jang	 et	 al.,	 2014;	 Seo	 et	 al.,	 2001),	
is	expressed	highly	 in	the	TOP	and	MID	 internodes	 (FC	>	3	with	
respect	to	CBOT).	However,	this	gene	is	expressed	at	high	levels	












oxidation	processes	 (Strader,	Culler,	Cohen,	&	Bartel,	2010)	 and	 it	
represents	 an	 auxin	 storage	 form.	The	endogenous	pool	 of	 active	





of	IBA	to	IAA.	The	gene	 IBR1	 is	 indeed	expressed	>	14	fold	at	the	
MID,	and	>21	fold	in	young	elongating	internodes	at	the	TOP,	as	com-
pared	to	the	CBOT	(Data	S1).	IBR1	encodes	an	enzyme	belonging	to	
the	 short-chain	dehydrogenase/reductase	 family	 and	 ibr1	mutants	
display	reduced	lateral	root	initiation	and	reduced	inhibition	of	root	
elongation	 in	 response	 to	 IBA	 (Zolman,	Martinez,	Millius,	 Adham,	
&	Bartel,	2008).	 Interestingly,	the	gene	UGT74E2	 is	also	expressed	
at	 the	 highest	 levels	 at	 the	TOP:	 it	 encodes	 a	UDP-glucosyltrans-
ferase	acting	on	 IBA	and	responsible	for	 its	conversion	to	 IBA-Glc	









The	 presence	 of	 an	 auxin-driven	 mechanism	 in	 elongating	
stem	internodes	requires	a	further	level	of	control	linked	with	the	
reduction	of	oxidative	 stress	 (Peer,	Cheng,	&	Murphy,	2013).	The	












and	MID:	 the	 transcripts	 encoding	 CHIL (chalcone isomerase‐like),	
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interactions	can	explain	 the	 flavonoids-regulated	auxin	 transport:	
































sis	 of	 phytohormones	 (Nyathi	 &	 Baker,	 2006)	 and	 generate	 H2O2 
during	oxidative	reactions.	Another	gene	involved	in	ROS	formation	
is	RPH1 (resistance to Phytophthora 1;	TOP	vs.	FBOT	>	2	and	TOP	vs.	
CBOT	>	4;	Data	S1)	encoding	a	chloroplast	protein	positively	regu-

















FBOT	>	16	and	TOP	vs.	CBOT	>	4.5	 for	EXPA8 and 15;	Data	S1).	
This	 confirms	 the	 rapid	elongation	of	 tissues	 sampled	 from	young	
internodes.







were	 reported	 to	 be	 abundant	 in	 nettle	 (Farag,	 Weigend,	 Luebert,	























a	cell	wall	perspective.	We	 reveal	a	unique	 transcriptomic	 “finger-
print”	 of	 elongating	 and	 older	 nettle	 internodes.	 In	 particular,	 we	
unveil	the	presence	of	a	network	involving	ROS	formation	and	genes	
involved	 in	 phytohormone	 and	 secondary	metabolite	 biosynthesis	
in	 young	 internodes	 with	 elongating	 bast	 fibres.	 Tissues	 contain-






to	 rhamnogalacturonan	 composition	 of	 cortical	 tissues	 from	older	




















14  |     XU et al.
internodes,	while	the	histochemical	analysis	shows	the	absence	of	
xylan	from	the	S1-layer	of	bast	fibres,	differently	from	what	reported	
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